An experimental investigation of the Rayleigh-Bénard convection in shear-thinning fluids is presented by using MRI technics. The experimental setup consists on a cylindrical cavity defined by a finite aspect ratio A = D/d = 6. Qualitative and quantitative results are provided. Flow visualizations are presented via velocity mapping for a Newtonian fluid, the Glycerol and for shear-thinning fluids, Xanthan gum aqueous solutions with weight concentrations ranging from 0.1 to 0.2 %. In the case of the Glycerol and the Xanthan solution at 0.1 %, one recovers similar results in terms of criticality with Ra c = 1800 and patterns since the convection is characterized by rolls. When the Xanthan concentration is increased, the critical Rayleigh number is not modified, however the onset occurs with hexagonal pattern. Because the critical temperature differences increase with the concentrations due to an increase in viscosity, one can think that hexagonal patterns are due to variations of physical properties with temperature (non Oberbeck-Boussinesq effects). Similarities with some results obtained in the Newtonian case are highlighted. We have observed a transition from hexagonal patterns to rolls by increasing the Rayleigh number. This pattern transition is characterized by a discrepancy in the maximal velocity values. By using shearthinning fluids, results show an increase in the intensity of convection compared with the Newtonian case.
Introduction
The Rayleigh-Bénard instability is a buoyancy driven motion in a fluid layer confined between two horizontal walls separated by d. The Rayleigh-Bénard Convection (RBC) in Newtonian fluids has been extensively studied since more than a century, with pioneering studies led by Bénard [1] and Rayleigh [2] . Several reviews have been proposed in [4] - [6] . The fluid layer is initially at rest, a vertical temperature gradient is imposed by heating the lower wall. The transition from conduction to convection is governed by the Rayleigh number
, ratio between buoyancy effects and viscous and thermal diffusion effects, where ρ is the fluid density, g the gravitational acceleration, β the thermal volume expansion, ∆T the temperature difference between walls, µ the fluid viscosity and κ the thermal diffusivity. In the case of a Newtonian fluid with no-slip conditions at the walls, the critical Rayleigh number is Ra c = 1708 with a supercritical bifurcation and the convection is characterized by rolls patterns [3] . These last decades, a growing interest has emerged for non-Newtonian fluids, certainly due to wide fields of applications (e.g. oil, cosmetic, pharmaceutic, food stuffs industries). In particular, we focus our study on shear-thinning fluids for which the viscosity µ decreases (non-linearly) with increasing shear rateγ. First studies concerning the RBC in shear-thinning fluids were done by [7] and [8] who proposed, from experimental measurements, correlations between the Nusselt number N u and the control parameters termed as the Rayleigh number Ra, the Prandtl number P r and rheological parameters for a relatively large range of Ra values (10 3 < Ra < 10 6 ). The rheological behaviour of the fluids used in their experiments were fitted by the power law model. This model presents a singularity as the shear rateγ tends to zero. Liang & Acrivos [10] were the first to study experimentally the onset of convection in shear-thinning fluids, where the onset of convection is determined by using the Schmidt-Milverton principle [11] . The fluids used in [10] are aqueous solutions of polyacrylamide, characterized by a Newtonian plateau at lowγ values. Due to this feature, the authors obtained a similar critical Ra number as in the Newtonian case. The main difference observed is that the heat transfer is larger in shear-thinning fluids than in Newtonian ones for increasing Ra values. This tendency has also been obtained in numerical study [12] where authors consider a power law model and Ellis model. More recently theoretical studies [13] - [15] have considered the RBC in Carreau fluids in an infinite extent cavity. In these articles, weakly non linear stability analyses have been used and have shown that the increase in α = dµ * dΓ * Γ * =0
, the degree of shear-thinning, with Γ * =γ * ijγ * ij the second invariant of the shear rate tensor (here the star is used for dimensionless variables), leads to a transition from a supercritical bifurcation to a subcritical one. The critical value α c is obtained equal to 24/(601π 4 ) for stress-free boundary conditions and α c ≈ 2.15 × 10 −4 for no-slip conditions, meaning that for α < α c the bifurcation is supercritical while above α c , the bifurcation is subcritical. Bouteraa et al. [15] have also studied the stability of the convective patterns near onset. They show that the only stable patterns are rolls in the supercritical bifurcation case. Finally, it is also shown that the degree of shear-thinning enhances the intensity of convection via the increase of heat transfer (Nusselt number N u) with the increase in α.
Since Liang & Acrivos [10] in the 70's, there is no more experimental data. To our knowledge, flow visualizations concerning the RBC in shear-thinning fluids have never been performed. In this respect, we propose to study the onset of convection as well as patterns in shear-thinning fluids using nuclear Magnetic Resonance Imaging (MRI) in order to obtain flow visualizations and velocity maps. Very few studies on natural convection used MRI visualization technique [16] , [17] while it gives velocity maps for opaque fluids or highly scattering media such as porous media [18] , [19] . Concerning the RBC in shear-thinning fluids, as already indicated only few experimental results have been carried out in the past [7] , [8] , [10] but they have never proposed patterns vizualisations. We propose to study the Rayleigh-Bénard convection in aqueous solutions of Xanthan gum which present a Newtonian plateau at low values ofγ and a shear-thinning behaviour above a critical valueγ c . These fluids are well described by a Carreau model. In this sense, a first objective of our paper is to compare experimental results with theoretical ones given by [15] , in terms of critical Rayleigh number, patterns stability and variations of heat transfer via the intensity of convection with rheological parameters. Another objective is to provide original results in the general topic of thermal convection in non-Newtonian fluids.
The section 2 of this paper details the fluids used in our experiments as well as their physical and rheological properties. The Rayleigh-Bénard setup is also presented and experimental protocols are explained. The section 3 focuses on experimental results near onset and above criticality. Results are discussed all along this section. The paper closes with a brief summary.
Materials and methods
Different fluids have been implemented in our work. First, we have chosen a Newtonian fluid (Glycerol) in order to validate our setup. The physical properties other than viscosity of Glycerol respectively thermal capacity C p , thermal expansion coefficient β, density ρ and conductivity Λ in the temperature range T = 0 − 50˚C are given by [22] based on data given by [21] :
In Eqs.
(1)-(4), the index g is used to refer to Glycerol. The shear-thinning fluids used in our experiments are aqueous solutions of Xanthan gum (Satiaxane CX 930, Cargill France). The Xanthan gum is a polysaccharide (five sugar residus) secreted by the bacterium Xanthomonas campestris. This polysaccharide is used in a wide range of applications such as cosmetic, oil, food industries but also in academic research [20] . The Xanthan gum is a polymer with a low ionic strength, soluble in water. Different concentrations of Xanthan gum in deionised water have been prepared : 0.1%, 0.15%,
• C)] Xanthan gum solution (0.15%) 0.895 T + 4225.2 0.0022 T + 0.5153 Table 1 : Thermo-physical properties of Xanthan gum solution (0.15 %) as a function of the temperature T ( • C) 0.18% and 0.2%. Solutions of Xanthan gum in water lead to transparent fluids and display a shear-thinning behaviour [20] which increases with the concentration as indicated in the following paragraph. Thermo-physical properties of the Xanthan gum solutions have been determined by means of a calorimeter (µ dsc3-SETARAM). Because thermo-physical properties of the Xanthan gum solutions vary little in the range of concentrations aforementioned, we have only measured these properties for the concentration 0.15%. Results obtained, in the range of temperature [20 • C, 60
• C], for the heat capacity C p and for the thermal conductivity Λ are given as function of the temperature T (˚C) in Table 1 .
Rheological properties
The rheological properties of the Glycerol and the Xanthan gum solutions have been measured by using a TA Instrument DHR3 rheometer with a coneplate geometry characterized by a 60 mm diameter and 1angle. Flow curves have been obtained for several temperature values in order to characterize the viscosity thermodependence.
The Glycerol is a Newtonian fluid, i.e. the viscosity remains constant for isothermal conditions. By varying temperature, the Glycerol viscosity varies as displayed in Fig. 1 . The thermodependency of the Glycerol viscosity is modeled by the following exponential law : 
where µ 0 and µ ∞ set respectively for the viscosities at low and large shear rate, n < 1 is the shear-thinning coefficient and λ the characteristic time. Usually, µ ∞ is negligible [24] which is the case for the Xanthan solutions used in our study as one can observe in Fig. 2 . Then, the Carreau model writes :
µ (Pa.s) Values obtained for µ 0 , n and λ are summarized in Table 2 . These values are used in Fig. 2 in order to fit results (dashed lines). Furthermore, in order to compare our results with theoretical studies [13] - [15] , the Table 2 displays the
d 4 values for each Xanthan gum concentrations. In the light of these values, one can expect a supercritical bifurcation and rolls pattern close to the onset of convection according to [15] .
The thermodependency of the Xanthan solutions have also been investigated, flow curves are displayed in Fig. 3 for the 0.15% concentration. One observes that the viscosity variations with temperature are larger at low shear rate. Therefore, near the onset the thermodependency of viscosity is mainly governed by µ 0 . Similar tendencies are obtained for the other concentrations. The thermodependent viscosity is modeled by the exponential law given by Eq. µ is replaced by µ 0 :
where
−1 respectively for 0.1%, 0.15%, 0.18% and 0.2% Xanthan concentrations. The K values aforementioned highlight a weak thermodependency of the Xanthan solutions, this would be discussed in the light of our results.
In the Rayleigh-Bénard situation, one usually defines the ratio r between viscosities at upper and lower walls defined by :
which indicates the degree of viscosity variations with temperature in the fluid layer, T c (resp. T H ) being the cold (resp. hot) temperature at the upper (resp. lower) wall. For instance, in the case of the concentration 0.18 %, a temperature difference about ∆T = 20
• C leads to r = 1.65, highlighting a weak viscosity dependence with temperature.
Rayleigh-Bénard setup
The fluid layer is confined in a cylindrical cell which is D = 120 mm in diameter and d = 20 mm thick providing an aspect ratio of
The aspect ratio value is limited by the MRI resonator which corresponds to a cylinder (horizontal axe) of 160 mm diameter as explained in the following paragraph. Furthermore, the depth d of the cavity has been chosen regarding the range of the fluids viscosity used. An objective of our study is to detect the onset of instability but also to investigate the convective motion above criticality. Because the maximal difference temperature has to be moderate in our experiments (∆T < 45
• C), the value d = 20 mm was a good compromise. All materials used in the setup have been chosen non-metallic to do not disturb the MRI measurements. The lateral walls are made of polymethyl methacrylate (PMMA) of 3 mm thick which is an insulated thermoplastic material. The horizontal walls are made of sapphire characterized by a thermal conducti-
The horizontal walls temperatures are imposed by using circulating water obtained via refrigeration units. The water bath temperatures are set constant to within ±0.01
• C. Water temperatures are measured with thermocouples at the inlets and outlets as described in the • C), the respective differences between the inlet and outlet of the water flows are in the order of 0.1
• C. With the aim of maintaining a constant temperature difference between the upper and lower walls, the water flows are in opposite direction. The insulation of the whole system is obtained by adding 5 mm thick thermoplastic foam. Heat losses are also limited by fixing the mean temperature of the boundary layer to T m = 24
• C which corresponds to the temperature in the resonator. One can evaluate the thermal diffusion time (d 2 /κ) in the Xanthan gum solutions around 1 hour. In this sense, the temperature difference across the layer was held for about 2 hours, in the conductive regime. Close to the conductiveconvective transition, the water bath temperatures were changed at equal rate in order to reach an additional difference temperature (step) of 0.5
• C. In this transition regime, each temperature step was maintained at least during 10 hours. When the temperature difference reaches about 3 times ∆T c , the minimal waiting time was 4 hours.
Finally, for all experiments, the upper and lower walls horizontality is reached within 0.035 rad (around 2˚).
MRI technics and protocols
Magnetic Resonance Imaging experiments were carried out on a Bruker Avance Biospec 24/40 spectrometer (2.34T, proton resonance frequency : 100.3 MHz) equipped with a 200 mm inner diameter gradient coil and a 160 mm diameter quadrature resonator manufactured by Rapid Biomedical GmbH. Images are acquired using a flow encoding spin-echo protocol represented in Fig. 5 , using the following parameters : repetition time (TR) : 1000 ms, echo time (TE) : 28 ms, field of view (FOV) : 12 cm, matrix : 128*128 pixels, spatial resolution 938 * 938 µm. In order to encode velocity, gradient pulses of duration δ=4 ms with The phase resolution of the spectrometer has been evaluated to 0.02 rad according to previous works [23] . It leads to a velocity value close to 10 −5 m/s. In this sense, we consider that the spectrometer resolution cannot allow us to detect the onset of motion when the velocity values are less than 5.10 −5 m/s, i.e. 5 times the velocity resolution.
Image analysis
To obtain a velocity map, two experiments are performed with different gradient strengths of, respectively, 180 mT/m and 0 mT/m. The phases of the two resulting images are then subtracted on a pixel by pixel basis in order to remove unwanted contributions. The setup dimensions described in section 2.2 have been defined and constrained by the spectrometer features, meaning the resonator size as well as the location of the maximal magnetic gradient intensity. Because the setup is quite large (D = 120 mm), regions close to side walls lead to less accurate results or to gradient deviations. In order to remove these deviations, each velocity map have been subtracted to a reference map obtained in a fluid quiescent state at T c = T h = T m = 24
• C. Finally, images were passed through a filter in order to smooth spatial variations caused by the random noise. The smoothing algorithm, proposed by Garcia [26] , is based on a penalized least square method and discrete cosine transform.
Experimental results and discussion

Newtonian fluid
The setup has been validated by using a Newtonian fluid, i.e. the Glycerol characterized in the section above. Vertical velocity V z results are displayed in the horizontal (O, x, y) plane for increasing ∆T (or Ra) values in Fig. 6 . In this figure, the axes are indicated in pixels, we recall that 128 pixels correspond to 12 cm. In Figure 6(a) , velocity values are in the same order of magnitude as the MRI resolution, implying that one considers a conductive regime (no motion occurs). The transition from the conductive to the convective regime is observed in Fig. 6(b) , where ∆T = 1.1
• C leading to Ra = 1784. This value is in a very close agreement with the experimental results obtain in [27] and [28] who found Ra c ≈ 1800 for A = 6. By considering the onset of axisymmetric convection in a cylindrical cavity of finite extent, Charlson and Sani [29] have shown theoretically that the critical Ra value depends on A. The expression is explicitely given in [30] :
with ζ 2 0 = 0.148 for rigid-rigid boundary conditions after [31] and Ra c (∞) = 1708 is the critical Rayleigh number for A = ∞. In our case, A = 6 leads to Ra c (6) = 1725. This value can only gives an indication in the sense that non-axisymmetric solutions are observed for low A values after [25] .
Concerning the patterns, we find some parallel rolls close to the onset as displayed in Fig. 6 . The wave number k = 2πd/λ, with λ the wave length, is evaluated to 3.2 ± 0.1. These results agree with the experimental results of [27] and [28] . Above criticality it is worth noting that rolls are deformed leading to a "Y" pattern as one can see in Figs. 6(c) and 6(d)).
Maximal values of velocity V zmax are displayed as a function of Ra in Fig.  7 . An axis corresponding to the dimensionless velocity V * z , defined by the ratio between V z and the buoyancy velocity √ gβ∆T c d, has also been added. In this Figure, a theoretical result (continuous line), obtained with a weakly non-linear stability analysis at the 7th order calculations for the perturbation mode (see [15] for the detailed method), has been plotted. One can observe that the velocity V zmax increases with the increase of the Rayleigh number, i.e the temperature differences ∆T , in agreement with the theoretical variations. Differences with theory are larger for low values of Ra where experimental values are close to the measurements accuracy.
Non-Newtonian fluid -Xanthan gum 3.2.1. Onset of convection
We now focus on the experimental Rayleigh-Bénard convection in a shearthinning fluid, the Xanthan gum solutions. Results for the different concentrations used are displayed in Fig. 8 in terms of vertical velocity map in the horizontal mid-plane (O, x, y) of the cavity. The onset of convection is observed for all these concentrations around the Rayleigh value Ra c = 1800 ± 4% which corresponds to the Newtonian value within our experiments accuracy. These results confirm a supercritical bifurcation which agrees with the theoretical prediction regarding the range of α values as already discussed. However, one can notice that maximal velocity values below criticality is about 3 times the measurements resolution. While the maximal velocity values remain weak below Ra c = 1800, one could think that one cell convective pattern have appeared for Ra < 1800 by considering the Fig. 8 . A convective motion could occur below criticality due to either a defect in the cavity horizontality or a horizontal temperature gradient in the upper and lower walls. Yet, as already discussed in paragraph 2.2, these defects remain very weak. It does not seem to perturb the critical Ra value since one finds Ra c ≈ 1800 for each fluid (Newtonian and non-Newtonian).
Concerning the patterns, one observes that close to the onset of convection, straight rolls characterized by a wave number of 3 ± 0.1 appear for the lowest concentration used in this study, i.e. 0.1 % of Xanthan gum (see Fig. 8(b) ). When the Xanthan concentration is slightly increased, one observes convective cells (polygons) at the onset of convection. In the case of the concentration 0.15 %, (imperfect) straigth rolls are observed just above the criticality. However, the polygons remain stable above criticality for 0.18 % and 0.2 % Xanthan gum concentrations as shown in Figs. 8(g) and 8(i) for Ra ≈ 2100. Our results disagree with those predicted by theory [15] , since in the range of our α values, only rolls are found stable at the onset of convection. The increase in concentration in our experiments increases the viscosity plateau µ 0 , hence increases also the critical ∆T value needed to start the convection. In [15] , the degree of viscosity variations r defined in Eq. (9) is fixed at 1. In our experiments, we can evaluate this parameter at criticality, r(Ra c ), we find values around 1.3-1.4 for the largest concentrations and 1.25 for a concentration of 0.1 %. In this range of r values, it does not seem that the viscosity thermodependency could involve convective cells as polygons, squares for instance according to [22] , [32] - [34] . In these articles, it is shown that the rolls are stable for low values of r, i.e. for r ≤ r 1 with r 1 ≈ 2 in [33] and r 1 ≈ 3 in [34] . Above r 1 squares are stable and the convection remains supercritical. At low Ra values, hexagons could also be the stable patterns for larger viscosity variations [35] , [36] , yet it does not correspond to our experimental conditions. Different parameters could cause the existence of polygons at the onset of convection, such as a large Prandtl values (O(10 3 )) combined with thermodependency and imperfect boundary conditions i.e. finite conductivity at walls [34] , [32] , imperfect insulated lateral walls. We have checked each parameter. The use of sapphire as horizontal walls lead to a conductivity ratio between the wall and the fluid equal to ξ = Λ w Λ f ≈ 100. Regarding results given by [32] - [34] , one finds that in our range of Prandtl values (P r = O(10 3 )), the stable patterns are rolls. The influence of the lateral walls can be evaluated via the wall admittance defined by C = (D/2Λ f )/(t lw /Λ lw ), where t lw stands for the lateral wall thickness and Λ lw is the lateral wall conductivity. Our experimental setup leads to C ≈ 80 which is quite large (insulated lateral wall).
Finally, the polygons pattern remains stable for larger values of Ra when the Xanthan gum concentration increases. It also leads to an increase in ∆T c values. Concerning this point, ∆T c values can reach the order of 10
• C, in the case of the 0.18 and 0.2 % concentrations, corresponding to large values and inducing variations in values of thermo-physical parameters within 10 % around that ones obtained at the horizontal walls temperature average. Thus, the comparison with theoretical results which use the Boussinesq approximation is no longer valid. Indeed, a theoretical study [37] has shown that when all physical properties (e.g. density, conductivity, thermal heat capacity) depend with temperature, i.e. a non Oberbeck-Boussinesq (non-OB) convection case, a bistability of hexagonal and roll patterns occurs. In this study, the author has shown that when the thermodependency of properties is large enough to involve asymmetric conditions in the fluid layer, the convection starts via a subcritical bifurcation to hexagons from Ra ≥ Ra A . Busse [37] has shown that hexagons are the prefered patterns for Ra A < Ra < Ra R . By increasing the Ra values, a region of bistability is observed for Ra R < Ra < Ra B , meaning that both hexagons and rolls are stable. Finally, rolls are the prefered patterns for Ra > Ra B (see Fig. 2 in [37] ). These results have also been observed experimentally in [30] , [38] - [42] . It is possible that the polygons we observe are hexagons, however a better accuracy in our measurements is needed to confirm this point. Further experimental investigations led by [43] confirm that the polygons we have observed are hexagons. Similarly to Dubois et al. [40] , we observe that the critical Rayleigh number is nearly similar to the one obtained in the Boussinesq case. In the range of our experiments accuracy, we do not observe any jump in the maximal vertical velocity (see Fig. 13 ) neither any hysteresis at the first threshold similarly to [40] but unlike in [41] . In this sense, if the hexagons bifurcation is subcritical as predicted by [37] for hexagons, then it is weak and not observable in the range of our experimental conditions.
Above criticality
In this paragraph, we present results when Ra values are increased above criticality. The patterns evolution is displayed for each Xanthan gum concentration in Figs. 9-12. Maximal velocity values V zmax and V * zmax , obtained in the mid-plane (O, x, y), are displayed as a function of Ra values in Fig. 13 for the different Xanthan gum concentrations except for 0.2 % where technical problems reduced the accuracy of these measurements.
As previously, some differences in terms of pattern are observed by varying the Xanthan gum concentration. For low values of concentrations, i.e. 0.1 % and 0.15 %, it is found that rolls remain stable until Ra ≈ 5600 for 0.15 %, even if one could notice some changes in the thermoconvective structures before this latter value. For instance, we could underline slight modidifications around Ra = 3500 (see Figs. 10(b) and 10(c) for the concentration 0.15 %) and also around Ra = 5600 − 5800 (see Figs. 10(g) and 10(h) for the concentration 0.15 %). These modifications in terms of structure can also be observed in Fig. 13 where there exists a discrepancy in V zmax values around Ra ≈ 3500 in the case 0.15 % (cross symbols) which corresponds to a change in the rolls patterns.
When the concentration is increased, one notices that hexagons could remain stable further above criticality until Ra ≈ 2800 for the concentration 0.18 % and Ra ≥ 2900 for the concentration 0.2 %. By considering hexagons pattern such as observed in Figs. 11(a), 11(b), 11(c), 12(c)-12(f) , in particular by considering the bounding cells (descending flow / blue regions), one could say that polygons might be hexagons. As already discussed, a better accuracy is needed to conclude. Concerning the secondary threshold from hexagons to rolls, in the 0.18 % case, one observes that the change in pattern also involves a discrepancy in terms of velocity values V zmax as diplayed in Fig. 13 (open triangles in the case of 0.18 %). Actually, one can observe a first discrepancy in V zmax values around Ra ≈ 2300. This first discrepancy is not correlated with a change in the structure but only with the increase in convective motion, see for comparison Figs. 8(g) and 11(a). The second discrepancy occurs around Ra ≈ 2800 where the pattern changes from hexagons to rolls. One notices that for 2500 Ra 2800, the maximal velocity value in the mid-plane does not vary significantly (V zmax ≈ 8.6 10 −5 m/s), the large increase in V zmax occurs at Ra = 2925 for which V zmax ≈ 1.2 10 −4 m/s. Then at Ra = 3028, the maximal velocity value decreases to V zmax ≈ 8 10 −5 m/s. The remarkable discrepancy in velocity values has also been observed in [40] . It is associated to the jump from the hexagonal patterns solution to the rolls solution in the range Ra R < Ra < Ra B . In our case, it means that for the Xanthan gum concentration of 0.18 %, we obtain Ra B ≈ 3000. Increasing then decreasing Ra involves a hysteresis loop between hexagons and rolls in this latter Ra range values as predicted by [37] for hexagons and experimentally observed by e.g. [30] , [40] , [41] . In our experiments, this hysteresis is not such clear. When Ra is decreased, one can observe in Fig. 14 that rolls remain stable for smaller values of Ra compared with Fig. 11 . However, it is possible that rolls and hexagons co-exist in the range 2300 < Ra < 2800. This observation is confirmed by considering Fig.  15 where V zmax is displayed for increasing and decreasing Ra. The straight line corresponds to the weakly non linear solution for rolls. One can observe that experimental results are close when increasing and decreasing Ra and larger than expected results in the case of rolls only (theoretical curve). Finally when Ra < 2300, only hexagons exist, meaning that Ra R ≈ 2300. However, further resolution is required in order to determine more accurately this hysteresis loop if it exists effectively in non-Newtonian fluids.
Concerning the patterns, at Ra ≈ 2300, one can highlight an azimutal wave number m equal to 4. For hexagons, the wave number obtained for Xanthan concentrations of 0.18 % and 0.2 % (Figs. 11(a) and 12(a) ) can be evaluated to k h = 4πd/ √ 3λ h = 3.5 ± 0.1, where λ h corresponds to the separation of adjacent rising regions. This value is larger than 3.07 or 3.2 obtained for hexagons, respectively in [42] and [40] in the Newtonian case. One can notice that the increase in Ra increases the azimutal wave number since for Ra ≈ 2800, m = 7 (see Fig. 12(e) ). The increase in m finally leads to a transition from hexagons to rolls pattern.
Finally, considering the maximal velocity variations with Ra when the concentrations vary, one notices that (i) the order of V zmax values are larger than in the Newtonian case highlighting a more intense convection in the non-Newtonian case as shown in experimental [10] and theoretical [13] - [15] studies and (ii) the order of V zmax values are the same in the range of tested Xanthan concentrations. In this sense, it seems that the intensity of convection is quite similar in this range of concentration as predicted by the theory [15] . It was not possible to evaluate more accuratly the intensity of convection, in particular through heat flux measurements, since only non-metallic materials could be used in the MRI resonator.
Shear rateγ evaluation
Because the range of velocity values obtained is similar for all tested concentrations, we only focus on one concentration case, say 0.15 %, in order to evaluate the main shear rate tensor component. Due to the orientation of the rolls, the main component in the mid-plane (O, x, y) is theγ xz one which is represented in Fig. 16 for three values of Ra. The structure ofγ xz values is obviously correlated with the pattern observed via the velocity maps. More important is the increase of theγ xz values from O(10 −3 ) s −1 to O(10 −2 ) s −1 by increasing Ra from 2000 to 6000 respectively. It has been shown by Cocci et al [44] , Picot et al [45] , Loulou et al [46] , that the thermal conductivity can be a function of shear rate. Nevertheless, for the range ofγ values involved in our experiments, the modification of the thermal conductivity is weak (few percents) and could be neglected. One could have expected larger increase in shear-rate in this range of Ra values. However, one knows that larger shear-rate values are obtained close to walls. Figures 17 and 18 display respectively velocity components (V x and V z ) in the vertical plane (O, x, z) and the main shear rate componentγ xz in the same plane. Sinceγ xz ≫γ zz , the second invariant of the shear rate tensor is such as |γ| ∼ |γ xz |. It is worth noting that the shear rate has not been evaluated close to walls due to a lack of accuracy in these regions. Considering Fig. 18 one founds similarγ xz values to that of obtained in the mid-plane. This is not surprising because we expect larger values close to walls. The shear-rate evaluation at walls |γ w | can be approximated by :
where ∆x corresponds to the thickness where the measurements are inaccurate in the fluid close to walls. Typically, one obtains few pixels corresponding to ∆x = 0.1 mm. By considering no-slip conditions at walls, one finally obtains |γ w | = O(10 −2 ) s −1 close to criticality and |γ w | = O(10 −1 ) s −1 for Ra 2Ra c . These values correspond to maximal |γ| values in the flow. One can notice that close to criticality, the |γ w | value corresponds to the Newtonian plateau as displayed in Fig. 2 . This is not surprising since we have not observed any subcritical bifurcation for this concentration which means that the increase in velocity and |γ| values is continuous starting from a fluid at rest. When the Ra value is increased, around Ra 2Ra c , one notices that the |γ| values are such as the viscosity is no longer constant in the whole cavity since the fluid behaves as a shear-thinning fluid for |γ| ≥ 0.1 s −1 . In this sense, close to criticality our results can be compared with that of the Newtonian fluids case (in the range of our tested fluids), while main differences should occur above criticality.
Conclusion
An experimental investigation of the Rayleigh-Bénard convection in shearthinning fluids is presented by using MRI technics. Flow visualizations are presented via velocity mapping for a Newtonian fluid, the Glycerol and for shearthinning fluids, Xanthan gum aqueous solutions with weight concentrations ranging from 0.1 to 0.2 %.
In the case of the Glycerol and Xanthan solution at 0.1 %, one recovers similar results in terms of criticality with Ra c = 1800 and patterns since the convection is characterized by rolls. When the Xanthan concentration is increased, the critical Rayleigh number is not modified, however the onset occurs with hexagonal pattern. Because the critical temperature differences increase with the concentrations, one can think that polygonal These patterns are due to non Oberbeck-Boussinesq effects. Similarities with results obtained in the Newtonian case are highlighted. We have observed a transition from hexagonal patterns to rolls as predicted by [37] and observed by [40] , [42] . However, the subcritical transition from conduction to convection with hexagons as well as the hysteresis loop are not clearly observed in our study. In this sense, further theoretical and experimental investigations are needed to study the RBC in shear-thinning fluids when physical properties vary strongly with temperature.
Concerning the experimental technique, an ongoing work consits on obtaining both temperature and velocity mapping by using the MRI. The knowlegdege of temperature as well as temperature gradients and velocity are essential in natural convection studies. Furthermore, in future works the use of MRI could allow us to consider a large variety of industrial or natural fluids which are usually fluids where other velocity imaging methods are not usable since they could be opaque for instance. 
